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Abstract

Nano polymers have emerged as a new development offering promising durability, anti-corrosion
and thermal efficiency. Nanoparticles shape, size and volume fraction plays critical part in improved
performance of heat exchanger systems involving modern manufacturing processes of nano-
rheological materials. Molybdenum Disulfide nanostructures finds significant applications in
desulfurization processes, in thermoelectric appliances and many more. Motivated by elaborating in
further detail, the present article presents a mathematical and computational study on steady, two-
dimensional, non-aligned thermo-fluid transport of Molybdenum Disulfide doped-Hydrogen oxide
(H,0O) based micropolar fluid. To simulate real nano polymer dynamics, the Tiwari-Das model for
nano particle concentration and Maxwell-Garnet model for nanofluid thermal conductivity is
exploited. The conservation equations for mass, momentum (normal and tangential) and energy are
normalized by employing suitable transformations. Numerical solutions are attained via Keller Box
method in MATLAB symbolic software. The impact of key emerging dimensionless parameter i.e.
nanoparticles volume fraction (¢) and various shape effects of molybdenum disulfide nanoparticles
on non-dimensional normal and tangential velocity components, micro rotation profile, temperature,
shear stress at the wall and local heat flux is explored graphically. Local heat flux and micro-rotation
profile is boosted while tangential skin friction coefficient depletes with the insertion of blade shaped
nanoparticles. Moreover greatest thermal conductivity is achieved with the insertion of blade shape
nanoparticles.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Nano-technology has had an insightful impact on countless
technologies comprising aircraft components, rocket propulsion,
medicine and also renewable energy systems. Today nano-tech-
nology is the best prospect for clean inexpensive power systems.
Although there is a noteworthy progress in refining working
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fluids by nano-particle doping, only very recently have scientists
focused on exploring the shape effects of nanoparticles in such
processes.

This environmentally-friendly flexible polymeric sheets that
are precision-designed to contain a nano-particle fluid that is
essentially water-based paint.

Molybdenum Disulfide nanostructures are gaining sub-
stantial consideration because of their potential applications
as catalysts for desulfurization processes, thermoelectric

© 2020 IOP Publishing Ltd  Printed in the UK
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appliances, electronic devices especially in field effect tran-
sistors. Molybdenum Disulfide nanoparticles are more prone
to chemical reaction and friction. Like graphite, it is com-
monly used as a solid lubricant due to its low friction char-
acteristics and robustness. The insertion of nano sized
particles to the base fluid, introduced by Choi [1] not only
enhances the thermal conductivity but also considerably
affect the viscosity of fluid. Properties of nanofluid flow
significantly depend upon several aspects including shape,
size, volume fraction and material of nanoparticles etc.
Spherical and non-spherical shapes of nanoparticles possess
higher thermal conductivity compare to base fluids and are
therefore extremely useful in several engineering and indus-
trial processes. Traditionally cylindrical shaped nanoparticles
are used in many researches. Thermo-physical properties of
nanofluid are significantly influenced by various shapes
nanoparticles. There are very few studies related to nano-
particles shape effects on fluid flow with different geometries
and flow properties. Timofeeva et al [2] examined the influ-
ence of diverse forms of alumina nanoparticles on water and
ethylene glycol nanofluid flow characteristics. Their invest-
igation showed that the thermal conductivity reduces for
sphericity values less than 0.6 of alumina particles. They also
noticed that viscosity of the flow was highly influenced by
surface charge of nanoparticles. Ellahi er al [3] scrutinized
natural convection and shape effects of copper nanoparticles
on entropy generation along an inverted cone using
Hamilton—Crosser model. In their study, entropy generation
analysis was performed for Copper nanoparticles. Their
notable findings include that the highest fluid deceleration for
the case of brick shaped Copper particles. Also particle fric-
tion and viscous dissipation contributed in boosting surface
skin friction. Shafie et al [4] investigated shape effects of
MoS; nanoparticles in water within a permeable channel by
considering mixed convection and radiation effects. An
oscillatory wall is considered in the geometry of flow and
results were calculated through perturbation method. They
found highest viscosity and thermal conductivity with
cylindrical and platelet shaped nanoparticles. Hiemenz [5]
addressed the dynamics of stagnation point flow. Wang and
Mujumdar [6] explored mixed convective nanofluid thermal
characteristics. Nadeem et al [7] considered transverse stag-
nated second grade fluid near an extending surface. Brownian
motion and thermophertic effects were considered in their
analysis. They investigated analytically the flow transport,
heat transfer and concentration profile through HAM. It was
found that fluid elasticity had increasing effect on velocity of
the flow at a point. Blood flow analysis using Jeffery nano-
fluid has been performed by Nadeem et al [8]. Influence of
gravity was taken into account due to vertical mounting
direction of tube. Heat generation along with chemical reac-
tion effects on nanofluid over a convective plate submerged in
a absorptive medium were explored by Rashidi er al [9] and
concluded that Nusselt number elevates with reaction con-
stant and Lewis number while it is decreases with chemical
reaction and generation constants. Casson fluid flow with
addition of nanoparticles was inspected by Mehmood er al
[10]. They inspected influence of nanoparticles concentration

on heat flux. The obtained results revealed that Casson fluid
parameter depletes the fluid velocity. Rashidi er al [11]
employed OHAM to study surface slip effects on convective
flow of a nanofluid. Aziz et al [12] examined the rotating fluid
with thermal slip condition. They portrayed Bejan number to
present entropy generation. It was discovered that nanofluid
caused more entropy as compared pure fluid, moreover
maximum entropy was produced when nanoparticles of gold
were suspended in fluid. Rashid er al [13] deliberated water
and Ethylene-Glycol nanofluid over a stretched sheet. Ethy-
lene-Glycol based fluid proved to be promising in terms of
rapid heat flux. Rana et al [14] analyzed oblique slip flow of a
chemically reactive Casson fluid. Their key findings included
that the slip parameter plays vital role in lowering chemical
spices concentration on surface. Micropolar fluid model
effectively describes rheological fluids undergoing micro-
rotation. Typical examples of such fluids include polymer
extracts, platelets, smoky clouds, suspensions and liquid
crystals. Eringen [15] presented a comprehensive insight of
micropolar fliuds. Nazar ef al [16] examined steady incom-
pressible flow of micropolar fluid. Computational analysis
was made through Keller-box algorithm. Effect of chemical
reaction on natural convective micropolar fluid was explored
by Damesh et al [17]. Micropolar fluid flow with nano-
particles over a moving cylinder was deliberated by Nadeem
et al [18]. Similarly Rehman and Nadeem [19] inspected
micropolar fluid over a vertical cylinder. Hydromagnetic slip
flow by considering micro rotation has been investigated by
Mahmoud and Waheed [20]. Impact of copper and silver
nanoparticles on micropolar fluid has been discovered by
Hussain et al [21]. Sheikholeslami et al [22] studied micro-
polar fluid channel flow in presence of chemical reaction.
They compared analytical HPM and numerical results
obtained by R K method of fourth order. It was suggested that
Peclet and Reynolds numbers are directly related with Sher-
wood and Nusselt numbers for the case of suction as well as
injection. Hashim ef al [23] examined mixed convective
micropolar nanofluid stagnated flow along vertically stretched
sheet. Adegbie ef al [24] investigated the stagnated flow of
micropolar fluid on a horizontal surface stretched linearly. It
was projected that oblique flow velocity of micropolar fluid
over melting surface can be enhanced by adopting variable
properties of fluid. They examined variable thermal con-
ductivity and viscosity effects on a micropolar fluid. Meh-
mood et al [25] used OHAM to solve the flow problem of
rotating micropolar fluid through a pair of parallel plates.
Wagqas et al [26] investigated the MHD micropolar fluid
towards an extended surface with mixed convection. Some
more related studies can be found in [27-36]. This commu-
nication addresses steady two dimensional oblique transport
of micropolar nanofluid towards a stretching sheet. Such a
simulation, although greatly relevant to nano-polymer man-
ufacturing processes has not thus far received any attention in
the literature. Various shape effects of molybdenum dis-
ulphide nanoparticles on flow and heat transfer characteristics
are explored and analyzed. Four different shapes of MoS,
namely Brick, Blade, Cylinder and Platelets doped in
hydrogen oxide based fluid are considered in our analysis
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Figure 1. Physical description of the problem.

Table 1. Constant A and B [29].

Model Brick Blade Cylinder Platelet
A 1.9 14.6 135 37.1
B 4714 1233 904.4 612.6

(See Table 1). It is envisaged that the current effort will
provide a good compliment to experimental and more com-
plex computational fluid dynamics simulations of nano-
polymer coating synthesis.

2. Physical modeling and empirical relations

Let us deliberate the transverse incompressible flow of
micropolar fluid in which molybdenum disulfide nano-
particles are injected. Two equal but oppositely directed for-
ces are used on surface in such a way that origin remains fixed
as shown in figure 1. Model equations for the flow phe-
nomena under consideration are:

O+ Ov+

=0, 1
ox+  Oy* )
on* on* 1 op* ~ O20*
An ﬁ* + ﬁ*_ + | = An + k - =
' f[ o "oyt e ) T TR
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pnf( % a5 o 8)?*) (fune + k) 52
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P | 0 e + 9* =—k(2N+ £
nf ( o5* 8}7*) 6}7* n 8}7*2
“4)

Table 2. Sphericity for different shapes of nanoparticles [29].

Model Brick Blade Cylinder Platelet
w 0.81 0.36 0.62 0.52
Ak Ak 24k
P ﬁ*g{* = 5)
X 'y 6}7
Here, @*, $* are components of velocity along £+, $*

directions, p* stands for pressure, p,, denote density and
Ak — _knt

(PCp)at
N* symbolizes the micro-rotation. 7™ denotes temperature, ¢
is nanoparticles volumetric fraction, £ represent vortex

denote nano fluid effective thermal diffusivity.

viscosity, 4,; = (/}nf + %) j represent spin gradient viscosity,

j:% refer to micro-inertia density and fi ; stands for

nanofluid dynamic viscosity. Effective nano fluid density p,
and capacitance (pcp)ns are defined as [27]

Por = (1 — @)Dy + &P, (6)
(pcpnt = (1 — @) (pep )y + d(pep)s, (7

where, p and p, represent nanoparticles and water density
respectively. In the present investigation the effective thermal
conductivity k,¢ can be estimated as [28]

kot ks (m — Dkp+ (m — (ks — kp)o

= - - — 3
kf ks + (m - 1)kf - ¢(ks - kf)

where, lgf and k; signify the thermal conductivities of water
as base fluid and molybdenum disulphide. Empirical shape
factor defined as m = %, where w denotes the sphericity
factor. Accordingly the dynamic viscosity is given by

fing = fi;(1 + Ad + Bp?), )

where, A and B are constants depending upon the particle
shape. Their values are given below

Sphericity values for various nanoparticles shapes are
expressed in table 2.

Thermo-physical characteristics of H,O and molybde-
num are

Pertinent boundary conditions as

na_ﬁ* 7ok
op*’
(10)

0* = af* + by*, N™ = constant, 7" = 7., when ¥* — oo,

(11)
where a, b and ¢ are invariant, f"oc stands for ambient
temperature and 7,, denote wall temperature. Moreover, n
symbolizes microelements concentration [16].
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Introducing following appropriate transformations:
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= (12)

where, 7y denote base fluid effective kinematic viscosity.
Invoking equation (11), the equations (1)-(5), (10), (11) in

non-dimensional form are
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ot _
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where Pr = ” is termed as Prandtl number. Associated
\f

boundary conditions are

=0, =% N=—-n—, T=1, aty =0, (24)
v oy 92 Y
w:ﬁxy+%w2,ﬁz—ﬁ,fzo, asy — oo, (25)

C

Here, ~ :g measures flow obliqueness. The stream
function is expressed as [8]

V@& 9) = FF + GO, NE, §) =) + SO
and T'(%, ¥) = 0(%).
(26)
Here F(¥), G(¥) and J(y), S(¥) are defined and as

transverse and shear components for flow and micro-rotation
respectively. Using equation (26) in (21)—(23), we attain:

where, K = X stands for micropolar coupling parameter.

Hy
Incorporating stream function relations as [§]
ﬁza—w, 9:—8—7{}. (20)
oy Ox

Using equation (20) in equations (13)—(19) and con-
sideringﬁ@ = Py; in equations (14) and (15), we have

20 4 A¢ + Be? + K)os & (Vzw) + prva
pnt pnf
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+ —————-=0, (21)
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D+ 4+ B9 + K)G + ﬁKS' + FG"
pnf pnf
~F'G'+ G =0, 28)
2 K " "
(1 + A¢ + By + 3)J — KQJ + F")
+ Dot gy — Py =0, (29)
Pr
2 K " "
1 +A¢ + Bo +5 S" — K@QS + G"
+ Dot gy — Gy =0, (30)
Pr
Kot g o prl1 = + (pcf’)fa; Fo' — 0. G1)
ky (Pep)r

In which G and G, are integration constant. The reduced

boundary conditions become
F)=0,F'(0)=1,
—nG"(0) = §(0), 6(0) =1
=, G"(0) =7, ..

F'(00) =

J(00) =0, S(o0) =

——, O(xx) =0

—nF"(0) = J(0),

(32)
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Utilizing equation (26) as F’(oc0) = % we get G = (?)2

F@®) = (%)ﬁ + C is obtained by analyzing the boundary
layer equation (27) when j — oo, where C describes
boundary layer displacement. Similarly using G”(o0) = 7,
we get C, = —(C~. Thus, equations (27) and (28) become

(1 + A¢ + Be* + K)F" + KJ' + Dnt

Pr
a2
x | FF" — (F")* + (—) =0, (33)
c
(1 + A¢ + Bo? + K)G" + K§' + ot
Pr
x (FG" — F'G' — Av) = 0. (34)
Taking into the account following relation
G'(¥) = vH (D). (35)
Using equation (35) in equations (28) and (34)
(1 + Ad + Bo* + K)H" + K1 4 Poippyr — prig — ),
Y Pr
(36)
2 K " li ﬁnf
14+ A¢ + Bop +5 S" — KQ2S + yH') + —
Pr
x (FS' — vHJ) = 0. 37
With conditions
H(0) =0, H'(0) = 1. (38)

Expressions for shear stress and heat transfer rate at the

surface are defined as 7%, = [(ﬂnf + IQ)Z)L: + kN *] and

$*=0

A r fof* . . .
g*, = —knf<6?) R Non-dimensional form gives
§*=0

%o = (1 + A¢ + B¢* + K(1 — n))(xF"(0) + vH'(0)),
(39)

q, = —(%]9%0). (40)

f

3. Computational procedure using Keller box
algorithm

The system of equations (33), (36) (29), (37) and (31) is
transported to the first order nonlinear equations by con-
sidering

F'=U, F'"'=U=V,J =w, H =t s =2z 0 =Y}
(4D

Such that equations (33), (36), (29), (37) and (31)
becomes
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Py
a 2
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C
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and boundary conditions take the form
F)=0, UO)=1, HO0) =0, J(O) = —nV(0),
5(0) = —n(0), 6(0) =1,
Uso) = £, 1(00) = 0, s(00) = —2, 0(o0) =0,
C Cc
t(c0) = 1.
47)
The domain is discretized as
Tlo = 0, = Mj-1 + hj, J =1, 2,--,J, ny = Uoc}~ (48)

Central difference formulas and the corresponding dis-
cretized form of equations (41)—(46) is
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E = And
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0 1 0 0 0000O0OO0OO :
0 0 1 0 0000O0O0OO u=
0 0 0 1 00000O0O0 :
0 0 0 0 1000000 1 [T
—(E4) 0 0 0 000000O0Of | 1 |
(39 0 —(&); 0 0000000 Here [7] is unit matrix and [¢;], [1;] are square matrices of
—(€n); —Kaj— (&) 0 0O 00O0O0OOO| order 11 whose elements are determined by following
0 0 —24G —2Ka; 0 0 0 0 0 00 expressions:
| 0 0 0 0 000000 0] [u] = [Al. [AIT] = [C], [oy] = [A]]
—[Bj1L;-11, j=2,3,...J, [yl I}] = [Gl,
j=2,3...J—-1
2<j<J
Incorporating equation (61) into (60) yields
- [ U1 ] _
Vi =1 LUS =r.
dwy 6Jj_1 Let
OH,_
oto 55, ! Us = w. (62)
620 a So that
6%y 661
=\ & [ 161=| 9F |, LW = r.
W 8V, In which
ow Bwy [ (Wi ]
o 6, (W]
ou 82 (Wil
Ba 5%, [Wi]
- - [Ws]
(r)j-1/2 w=| [Wl |,
(r2)j-1,2 [W7]
(r3)j-1/2 [Ws]
(n)j-1,2 [WVE/Q]
(rs)j-1,2 [Wiol
‘ . [Wii]
2<i<d, [rl=| U612 |1<j<J. - -
(r1)j-1/2 And[W]is an 11 X 1 column matrix. Elements of W are
(rg)j—1/2 solved from following equations
(r9)j—1,2 [l W] =[],
(r10)j-1/2 [yl [W)] = [r;] — [B;1[Wj-l,
| (rinj-1/2 ] I, «; and W, are calculated by forward sweep. Once the
elements of W are computed, equation (62) gives the solution
Consider 6 whose elements are attained from subsequent relations:
(6] = W] — (13116411, j =2, 3,...J
where . I .
These calculations are performed until iterative error
becomes less than 107°.
[ail
[B2] [ae]
L= .. . 4. Results and discussion
- lay-il Different shape effects of MoS, nanoparticles suspended in water
(B [ay] based oblique micropolar nanofluid has been studied
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Figure 2. Various shape effects of MoS, nanoparticles on normal
velocity profile F/(y).

Table 3. Thermal characteristics of water and Molybdenum
disulfide [4].

Thermo-physical

properties pkgm™3)  c;,Jkg KD FWmk)
H,O 997.1 4179 0.613
MoS, 5.06 x 10 397.21 904.4

numerically. Four distinct shapes of MoS, nanoparticles called,
platelet, cylinder, brick and blade are explored for some appro-
priate fixed values of rest of the pertinent parameters, namely,
stretching ratio B, nanosized particles volume fraction ¢, material
constant K, microelement concentration n, obliqueness parameter
~ are used in calculations.Thermal characteristics of water and
Molybdenum disulfide are presented in Table 3. Keller Box
method is engaged to attain the numerical results [30]. Graphs of
flow characteristic such as velocity, temperature, micro-rotation;
thermal conductivity, skin friction coefficient and local heat flux
developed by numerical results are displayed in figures 2—12.
Figures 2 and 3 show the shape effects of molybdenum disulfide
on normal and tangential velocity profiles of the oblique micro-
polar nanofluid flow. In figure 2 it is noticed that MoS, micro-
polar nanofluid has highest normal velocity profile F’(y) for
cylindrical shaped nanoparticles while lowest velocity profile
when the blade shaped nanoparticles are inserted. Figure 3
reveals quite opposite flow behavior of tangential velocity profile
as compared with normal velocity profile. It is discovered that
near the surface flow with bladelike nanoparticles has maximum
tangential velocity profile H'(y) and flow with cylinder like
nanoparticles has lowest velocity profile but away from the
surface reverse behavior is observed. In figure 4 maximum
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Figure 3. Various shape effects of MoS, nanoparticles on tangential
velocity profile H'(y).
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Figure 4. Various shape effects of MoS, nanoparticles on
temperature profile 6(y).

temperature distribution €(y) is noticed with blade shaped
nanoparticles but flow with brick shaped nanoparticles noticed
with lowest temperature distribution. Micro-rotation profile of
micropolar nanofluid with insertion of diverse shapes of nano-
particles is presented in figure 5 for fixed value £ = 1. It is
witnessed that near the surface flow with blade like nanoparticles
has maximum micro-rotation profile but lowest micro-rotation
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Figure 5. Various shape effectsof MoS, nanoparticles on micro-
rotation profile with ¥ = 1.
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Figure 6. Shape effects of MoS, nanoparticles on thermal
conductivity of micropolar nanofluid.

profile is observed with cylinder like nanoparticles. Enhancement

in thermal conductivity, which is defined by the ratio I;g“" , against
r

MoS, nanoparticles volume fraction ¢ is plotted in ﬁgure 6. Itis
perceived that water based nanofluid thermal conductivity raises
with MoS, nanoparticles volume fraction. Moreover it is noted
that suspension of blade shaped nanoparticles has highest, on the
other hand, cylinder like nanoparticles suspension has lowest
thermal conductivity ratio. Normal and tangential skin friction
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Figure 7. Normal skin friction coefficient
(1 + A¢ + Bp*> + K(1 — n))F"(0) against ¢.
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Figure 8. Tangential skin friction coefficient
~(1 + A¢p + Bop? + K(1 — n))H'(0) against ¢.

coefficient against nanoparticles volume fraction ¢ with various
shapes are shown in figures 7 and 8. It is noticed that normal skin
friction coefficient (1 + A¢ 4+ Bp? + K (1 — n))F"(0) at the
surface decreases while tangential skin friction coefficient
v(1 + Ap + Bp? + K(1 — n))H'(0) increases with growth
in molybdenum Disulfide nanoparticles volume fraction. Further
it is observed that normal skin friction coefficient at the surface is
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Figure 10. Magnitude of normal skin friction coefficient against
nanoparticles volume fraction.

lowest with cylinder like nanoparticles but it is highest with
inclusion of blade shaped nanoparticles. Figure 8 shows entirely
opposite behavior in tangential skin friction coefficient as com-
pared with normal skin friction coefficient of the flow as it is
maximum in presence of cylinder like nanoparticles (near the
surface) but lowest with addition of blade shaped nanoparticles.

Local heat flux g, = —(%) 0'(0) of MoS, micropolar nanofluid
f

at the surface is plotted against MoS, nanoparticles volume
fraction ¢ with different shapes is presented in figure 9. It
increases linearly with increase in nanoparticles volume fraction.
Moreover local heat flux at the surface is highest with blade
shaped nanoparticles and lowest with cylinder shaped
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Figure 11. Magnitude of tangential skin friction coefficient against
nanoparticles volume fraction.
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Figure 12. Local heat flux with nanoparticles volume fraction.
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nanoparticles. Variation in stresses and heat transfer rate influ-
enced by Molybdenum Disulfide nanoparticles volume fraction
with different shapes is shown through bar graphs from
figures 10—-12. Figure 10 shows that magnitude of normal skin
friction coefficient increases by increasing nanoparticles volume
fraction of all shapes. Moreover, it is observed that blade shaped
nanoparticles offers lowest while nanoparticles of cylindrical
shape display highest magnitude of normal skin friction coeffi-
cient by increasing their volume fraction. Likewise, irrespective
of different shapes, rise in tangential skin friction coefficient
magnitude is noticed in figure 11 with volume fraction of
nanoparticles. In the same way, blade and cylindrical shaped
nanoparticles exhibit lowest and highest magnitude of tangential
skin friction when their volume fraction grows respectively. On
the contrary, figure 12 depicts highest heat transfer rate with
blade shaped whereas lowest rate of heat transfer with cylinder
shaped MoS, nanopatrticles.

5. Concluding remarks

This communication investigates oblique stagnated flow of
micropolar nanofluid towards an extending sheet. Various
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shape effects of molybdenum Disulfide nanoparticles are
studied on flow and heat transfer features. Key discoveries of
the investigation are stated that flow with blade like MoS,
nanoparticles depicts maximum temperature distribution and
micro-rotation profile near the surface. Maximum ratio of

L ke
thermal conductivities 12"‘

is gained with inclusion of blade
:

shape MoS, nanoparticles. Volume fraction ¢ contributes
significantly in decreasing normal skin friction where as it
enhances local heat transfer rate. Blade shape nanoparticles
exhibited lowest skin friction and highest rate of heat transfer
at the surface.
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